Many cancer drugs exert their therapeutic effect by inducing oxidative stress in the cancer cells. Oxidative stress compromises cell survival by inflicting lesions in macromolecules like DNA. Cancer cells rely on enhanced antioxidant metabolism and increased DNA repair function to survive oxidative assault. PARP1, a protein that senses DNA-strand breaks and orchestrates their repair, has an important role in the repair of oxidative DNA damage. Berberine, an alkaloid compound present in many herbal plants, is capable of inducing oxidative DNA damage and downregulating homologous recombination repair (HRR) in cancer cells. In this study, we demonstrated that berberine and PARP inhibitor niraparib have a synthetic lethal effect on ovarian cancer cells. Oxidative DNA damage was greatly induced by berberine in ovarian cancer cells. In addition, the level of RAD51 and the capacity of HRR were also reduced by berberine. Correspondingly, PARP became hyperactivated in response to berberine treatment. Cancer cells treated with berberine and niraparib in combination exhibited greatly increased apoptosis and remarkably reduced tumor growth in vivo. Together, the results indicate that by inducing oxidative DNA damage and downregulating HRR in cancer cells berberine is able to further sensitize cancer cells to PARP inhibition. Our findings demonstrate a potential therapeutic value of combined application of berberine and PARP inhibitors in ovarian cancer treatment. Cell Death and Disease (2017) 8, e3070; doi:10.1038/cddis.2017.471; published online 5 October 2017
Ovarian cancer is one of the most common causes of death among women with gynecologic malignancies. About 60 − 70% patients with ovarian cancer were diagnosed in their advanced stage and overall 5-year survival is~30%. 1 Debulking surgery followed by platinum-taxane-based chemotherapy is the standard of care for patients with advanced-stage ovarian cancer. However, despite an encouraging response rate of 65-80% to first-line chemotherapy, most patients relapse with chemoresistant disease. 2 Late diagnoses and relapse with chemoresistant disease lead to a lack of remarkable improvements in the cure rate over the past 30 years. 3 Berberine, an isoquinoline alkaloid component in several medicinal herbs, has been shown to have antimicrobial, antiinflammatory, anti-diabetic, anti-angiogenesic and cholesterol-lowering effects. 4, 5 In addition, berberine possesses antitumor activities against various tumor cells. [6] [7] [8] [9] Berberine has also been shown to suppress tumor growth in xenograft models. [9] [10] [11] [12] [13] Among others, induction of oxidative stress and DNA damage have been reported to mediate apoptosis and cell cycle arrest. 6, 8 In addition to acting as a genotoxicant, berberine can also radiosensitize cancer cells by downregulating RAD51, a key factor in homologous recombination repair (HRR). 14 By sensing DNA-strand breaks and orchestrating base excision repair, PARP1 has an important role in the repair of oxidative DNA damage. [15] [16] [17] PARP1 also becomes hyperactivated in cells with defective HRR, 18, 19 and HRR-defective cells are particularly sensitive to PARP inhibition. [18] [19] [20] Because berberine can induce oxidative stress and downregulate HRR, conditions in which cells are more reliant on PARP1 for survival, we speculated that berberine-treated ovarian cancer cells might be more sensitive to PARP inhibition. In this study, we tested the effect of combined application of berberine and PARP inhibitor on ovarian cancer cells. We observed increased levels of oxidative stress and DNA damage in ovarian cancer cells treated with berberine. Moreover, RAD51 as well as HR were also downregulated by berberine. As expected, apoptosis was greatly induced and tumor growth was remarkably reduced when berberine and PARP inhibitor were applied in combination. Our findings may bear implications in designing cancer therapy strategies involving two or more drugs.
promote the generation of reactive oxygen species (ROS) 21, 22 and induce DNA damage in human cancer cells. 6 We, therefore, measured the level of ROS in ovarian cancer cells treated with different concentrations of berberine for 48 h. We used the superoxide-sensitive dihydroethidium (DHE) as a probe and analyzed the ROS level using flow cytometry. As shown in Figure 1a , the ROS level was significantly increased in berberine-treated A2780, HEY and HO8910 cells at all three concentrations tested. In contrast, the ROS level was slightly increased only at the highest concentration in immortalized fallopian tube epithelial cells (FTE-187). MitoSOX, an indicator of mitochondrial superoxide, also yielded more intense staining in berberine-treated A2780 and HO8910 cells under a fluorescence microscope (Figure 1b) . Consistently, the level of 8-OHdG, a common oxidized base damage, was higher in berberine-treated cells when compared with control ( Figure 1c ). We next measured the level of DNA damage in berberinetreated ovarian cancer cells using an alkaline comet assay. As shown in Figure 2a , berberine treatment at 10 or 20 μM for 48 h led to a great increase in the generation of strand breaks in both cell lines tested. In contrast, much less DNA damage was induced in FTE-187 cells. In addition, the phosphorylation of H2AX at ser139, or γ-H2AX, a marker of DSBs, was also elevated in A2780 and HO8910 cells treated with berberine for 48 h, as indicated by western blot and immunofluorescence analyses (Figures 2b and c) . As expected, ATM and p53 were both activated in response to berberine treatment (Figure 2d ), suggesting that DNA damage response was initiated in berberine-treated cells. Importantly, the γ-H2AX level can be attenuated by antioxidant N-acetylcysteine (NAC) in berberine-treated cells (Figure 2e ), indicating that the increase in ROS is partially responsible for the elevation of DSBs.
Berberine downregulates RAD51 and homologous recombination in ovarian cancer cells. RAD51 is a key factor in HRR. Upregulation of RAD51 in cancer cells was shown to be associated with increased chemoresistance. 23 We previously reported that berberine could radiosensitize human esophageal cancer cells by downregulating RAD51. 14 We therefore also measured RAD51 protein level in ovarian cancer cells treated with berberine. As shown in Figure 3a , the RAD51 levels are higher in ovarian cancer cells than in FTE-187 cells, and berberine treatment led to a significant downregulation of RAD51 in A2780, HEY and HO8910 cells. Interestingly, berberine had no effect on RAD51 expression in FTE-187 cells.
Formation of RAD51 foci reflects a key step in HRR. As shown in Figure 3b , the number of RAD51 foci induced by cisplatin (CDDP) in A2780 and HO8910 cells was significantly reduced when cancer cells were co-treated with berberine. We next determined whether the downregulation of RAD51 by berberine would lead to changes in the capacity of HRR using a GFP-based reporter assay. As shown in Figure 3c , DNA repair efficiency was decreased significantly in berberinetreated A2780 cells compared with untreated cells. These results suggest that berberine can significantly impair HRR in ovarian cancer cells.
Berberine activates PARP in ovarian cancer cells. Oxidative stress is a well-known inducer of PARP1 activation. 16, 17 Downregulation of HR is also associated with increased activation of PARP1. 24 Because berberine treatment leads to both an increased oxidative stress and a downregulation of HR, we expected that PARP1 would become hyperactivated after treatment with berberine. We performed immunofluorescence of poly(ADP-ribose) or PAR, a product of PARP activation, in berberine-treated cancer cells. As shown in Figure 4 , the amount of PAR was greatly increased when A2780 or HO8910 cells were treated with berberine for 48 h. This increase could be blocked by PARP inhibitor niraparib.
Berberine and niraparib act synergistically to induce apoptotic cell death. Because berberine treatment increased oxidative stress and downregulated HR, conditions in which cancer cells would be more reliant on PARP for survival and proliferation, we next tested whether a combination of berberine and PARP inhibitor would be more effective in killing ovarian cancer cells by using MTT viability assay, colony formation assay and flow cytometry analysis of apoptotic cells. As shown in Figure 5a , whereas berberine induced a dose-dependent decrease in the viability of A2780 and HO8910 cells, addition of niraparib accelerated the decrease. Consistently, whereas colony formation was reduced by berberine and niraparib when each was applied alone, the reduction was more drastic when the two were applied in combination (Figure 5b, Po0.05 for A2780; Po0.01 for HO8910). Furthermore, the induction of apoptosis by the two drugs in combination was far greater than what would be caused by the additive effect of the two (Figure 5c , Po0.01 for both cell lines). Together, these results indicate that the two drugs act in synergy in exerting their proliferationinhibiting effect.
Sensitization to PARP inhibition is generally believed to be dependent on impairment in homologous recombination. Because PARP1 is also involved in the repair of oxidative DNA damage, we next tested whether oxidative stress induced by berberine also contributes to the increased sensitivity of cancer cells to PARP inhibition. Indeed, when NAC was applied together with berberine and niraparib, apoptosis was significantly reduced (Figure 5c, Po0.05 for both A2780 and HO8910 cell lines), indicating that the synergistic effect of berberine and niraparib on cancer cells may also be mediated by oxidative DNA damage.
The induction of oxidative DNA damage by berberine was minimal in FTE-187 cells when compared with ovarian cancer cells (Figures 1a and 2a) . Berberine did not further reduce the RAD51 level (Figure 3a ). Consistently, a synergistic cytotoxic effect of berberine and niraparib was not detected in FTE-187 cells (Figures 5b and c) . Because intracellular accumulation of berberine can be evaluated by its emission of green yellowish fluorescence, 6 we next explored whether the less, or lack of, induction of oxidative DNA damage and RAD51 downregulation by berberine in FTE-187 cells was correlated to a reduced uptake/accumulation of berberine. Indeed, flow cytometry analysis showed a much reduced level of berberine accumulation in FTE-187 cells when compared with ovarian cancer cells (Figure 5d ). These results indicate that the sensitizing effect of berberine is probably dependent on its cellular accumulation and the subsequent induction of oxidative stress and downregulation of HR.
Therapeutic effect of berberine and niraparib in combination in vivo. We next tested the effect of berberine and niraparib on tumor growth in vivo. Tumor xenografts were Berberine sensitizes cancer cells to niraparib D Hou et al niraparib had more drastic effect. We also observed a remarkable reduction in RAD51 in tumor xenografts in berberine-treated hosts (Figure 6e) . Consistent with the drastic reduction in the growth rate of xenografts, the percentage of Ki67-positive cells was greatly reduced in the berberine+niraparib group (Figure 6e) . Moreover, the level of 4-hydroxynonenal (4-HNE), which reflects lipid peroxidation, was significantly induced by berberine (Figure 6f ). Furthermore, significant induction of apoptosis, as measured by staining for cleaved caspase-3, was observed in all three treatment groups (Figure 6g ). Significant increase in the level of DSBs, as evaluated by immunofluorescence staining for γ-H2AX, was also detected in tumor xenografts from treated mice (Figure 6g ). These changes in vivo were consistent with those observed with the in vitro assays and further support the greatly increased potency when the two drugs were applied in combination.
Discussion
Primary ovarian cancer is responsive to treatment, but chemoresistant recurrent disease ensues in the majority of patients. 3 Novel strategies that improve chemosensitivity while minimizing undesirable side effects are needed to improve quality of life and therapeutic outcomes for ovarian cancer patients. In the present study, we investigated the therapeutic effect of berberine in combination with a PARP inhibitor on ovarian cancer cells and on tumor xenografts. We first confirmed that, as in other types of cancer cells, berberine was able to induce oxidative DNA damage and to downregulate RAD51 in ovarian cancer cells, two conditions that would render the cancer cells more reliant on PARP for survival and proliferation. As expected, berberine and niraparib indeed acted synergistically in killing ovarian cancer cells. Combination of the two drugs also drastically inhibited the growth of tumor xenografts formed by ovarian cancer cells. These results indicate that, in addition to having a direct antitumor effect, berberine also enhances the sensitivity of cancer cells to PARP inhibitors.
PARP inhibitors have been widely tested in clinical trials, and were shown to be particularly effective against cancers that are defective in HRR. 18, 19 PARP primarily functions in the repair of single-strand breaks (SSBs). When PARP is inhibited, more SSBs would be converted into DSBs during the S phase. DSBs in the S phase are primarily repaired by HRR, and, if not repaired, as in the case of BRCA1/2-deficient cells, would lead to cell death. Therefore, PARP functional failure and HRR defect are synthetically lethal. PARP inhibition is a particularly attractive strategy for the management of ovarian cancer because HRR defects are common. However, for many types of cancer in which HRR is fully functional, the application of PARP inhibitors may be limited. Some recent studies showed that HRR could be impaired by certain natural small molecules, such as curcumin, berberine and artesunate. 14, 25, 26 Those small molecules can potentially extend the application of PARP inhibitors to malignancies in which HRR is not intrinsically defective. Importantly, because berberine and artesunate also act as inducers of oxidative DNA damage, which is primarily repaired by base excision repair involving PARP1, their sensitizing effect may also be mediated by induction of oxidative stress. A search of COSMIC (the Catalog of Somatic Mutations in Cancer, http://cancer.sanger.ac.uk/cosmic) revealed no BRCA mutation in A2780, HEY, OVCAR3 and SKOV3 cell lines. HO8910 cell line carries BRCA1 5382 C mutation and is presumably HR-defective. Because berberine was able to sensitize both A2780 and HO8910 cells to niraparib, its pharmacological effect is probably independent of the intrinsic HR status of the cancer cell lines.
It should be noted that berberine is not known to have serious side effects in human. In fact, berberine is a common OTC herbal medicine for gastrointestinal discomfort in China. As shown in this study, the cytotoxic effect of berberine on FTE-187 cells is much smaller than that on ovarian cancer cells, which corresponds to reduced induction in ROS and oxidative DNA damage. Therefore, berberine as a sensitizer of cancer cells to PARP inhibitors should be further explored.
Materials and Methods
Reagents and antibodies. Berberine chloride, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) were purchased from Sigma (St. Louis, MO, USA). Niraparib (MK-4827) was purchased from Selleck (Houston, TX, USA). NAC was purchased from Beyotime Institute of Biotechnology (Haimen, China). Berberine chloride and niraparib were dissolved in DMSO and MTT was dissolved in phosphate-buffered solution (PBS). MitoSOX Red Mitochondrial Superoxide Indicator was purchased from Life Technologies (Carlsbad, CA, USA). Antibodies against RAD51 (H-92), β-actin (AC-15) and 8-OhdG (E-8) were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA) Anti-PAR was purchased from Calbiochem (Billerica, MA, USA). Anti-4-HNE (ab480506) was purchased from Abcam (Cambridge, UK). Anti-γ-H2AX (Ser139) was purchased from Upstate Biotechnology Inc (Lake Placid, NY, USA). Anti-ATM (D2E2), p-ATM (Ser1981), p53 (7F5), p-p53 (Ser15), Ki67 (9129S) and cleaved caspase-3 (Asp175) were from Cell Signaling Technology (Danvers, MA, USA).
Cell lines and cell culture. A2780, HEY and SKOV3 cells were from SigmaAldrich (St. Louis, MO, USA). HO8910, HO8910PM and OVCAR3 cells were from Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai). Immortalized fallopian tube surface epithelial cell line FTE-187 was as previously described. 27 A2780, HO8910 and HEY cells were cultured in DMEM medium (GIBCO, Waltham, MA, USA; Invitrogen, Carlsbad, CA, USA). SKOV3, HO8910PM and OVCAR3 cells were cultured in RPMI 1640 medium (GIBCO, Invitrogen). FTE-187 cells were maintained in cell culture medium consisting of 1 : 1 Medium199 (Sigma-Aldrich) and MCDB105 medium (Sigma-Aldrich). All media contained 10% FBS (GIBCO, Invitrogen), 100 μg/ml penicillin and 100 μg/ml streptomycin. All cells were cultured in a humidified atmosphere of 5% CO 2 at 37°C.
Quantification of intracellular ROS. Cells were washed and harvested in PBS and 10 6 cells were stained in 500 μl PBS with 10 mM DHE bromide (Reagent B; Genmed Scientifics Inc., Wilmington, DE, USA) for 20 min at 37°C in the dark. Samples were subsequently washed using ice-cold PBS and centrifuged for 10 min at 1000 r.p.m. before being resuspended in FACS dissociation solution (FACSmax, Genlantis, San Diego, CA, USA) and kept on ice until analysis. Flow cytometry was performed using the FACS-Calibur (Becton Dickinson Bioscience, Franklin Lakes, NJ, USA) counting a minimum of 10 4 cells per sample. All experiments were repeated independently at least three times.
Immunofluorescence staining of phospho-H2AX, 8-OHdG, RAD51 and PAR. Immunofluorescence staining was carried out as described previously. 6 Briefly, cells grown on coverslips were fixed in 4% paraformaldehyde for 10 min. The cells were then permeabilized in 0.2% Triton X-100 for 10 min, and blocked in 10% normal goat serum overnight at 4°C. The coverslips were incubated with antiphospho-H2AX, 8-OhdG, RAD51 or PAR antibody overnight at 4°C, washed in PBS and incubated with TRITC-conjugated Goat anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h at room temperature. Cells were washed in PBS three times and counterstained with DAPI. Fluorescence images were captured under a fluorescence microscope.
Western blotting. Cells were lysed and protein concentrations were determined using the BCA assay. Protein samples were separated by SDS-PAGE (12%) and electrotransferred onto a PVDF membrane. The membrane was incubated with specific primary antibodies and appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies. Then, proteins of interest were developed using ECL PLUS kit (Amersham Biosciences, Piscataway, NJ, USA). The protein levels were normalized by β-actin.
Measurement of HRR.
The GFP-based HRR reporter was as previously reported. 28 Plasmids containing HR reporter cassettes were linearized by I-SceI restriction enzymes and purified using universal DNA purification kit (#DP214-03; Tiangen, Beijing, China). Two days after splitting, exponentially growing cells were transfected with 2 μg of the HR reporter constructs and 0.1 μg of pDsRed-N1 as the internal control, using lipofectamine 2000 Reagent. The lower amount of the pDsRed-N1 was used to avoid interference from the bright DsRed fluorescence. MTT assay of cell viability. MTT assay was carried out as described previously. 6 Cells were seeded in 96-well plates at 3 × 10 3 /well the day before berberine treatment. Then, the cells were exposed to different doses of berberine for 24 or 48 h. After treatment, 20 μl of MTT reagent, 5 mg/ml, was added to each well and incubated for 4 h at 37°C. At the end of incubation, the media were carefully removed by aspiration. DMSO (100 μl) was then added to each well. The plate was gently vortexed for 30 min at room temperature. The absorbance of each well was measured at 490 nm. All experiments were repeated at least three times.
Clonogenic assay. Single-cell suspensions were generated for each cell line and specified numbers of cells were seeded into six-well tissue culture plates. Then, cells were exposed to different doses of berberine for 2 weeks. Colonies were stained with crystal violet. Colonies of greater than 50 cells were counted to determine the surviving fraction. The data presented are the mean ± S.E. and represent three independent experiments. Apoptosis analysis. Ovarian cancer cells, treated with different doses of berberine, were harvested and washed once in cold PBS, and then stained with Alexa Fluor 488 annexin V and propidium iodide (PI; Alexa Fluor 488 annexin V/ Dead Cell Apoptosis Kit with Alexa Fluor 488 annexin V and PI for Flow Cytometry, Invitrogen) and analyzed with flow cytometry using 488 nm excitation. Finally, the fraction of early apoptotic cells was determined with FCS Express V3 software (Glendale, CA, USA).
Tumor xenografts. Six-to eight-week-old female nude mice were purchased from Beijing Experimental Animal Center and kept in pathogen-free conditions and handled in accordance with the requirements of the Guideline for Animal Experiments. The animals were subcutaneously inoculated with 1×10 6 A2780 cells (suspended in 100 μl PBS) and six days later the tumor-bearing mice were randomly divided into four groups and were then treated daily by oral gavage with vehicle (sodium carboxymethycellulose, SCMC), berberine (200 mg/kg bodyweight), niraparib (40 mg/kg bodyweight) and berberine (200 mg/kg) in combination with niraparib (40 mg/kg), respectively, for 15 days. Tumor growth was monitored with a caliper, and tumor volume was calculated according to the formula V = maximal diameter × perpendicular diameter. 2 Immunohistochemistry and immunofluorescence of tumor xenografts. After deparaffinization and rehydration, the sections were boiled in citrate sodium buffer for 15 min for antigen recovery, and were immersed in 3% H 2 O 2 for 10 min to quench endogenous peroxidase. Sections were then blocked with 10% serum at 37°C for 1 h. The primary antibodies (Ki67, CST, Danvers, MA, USA, 1 : 200 dilution; RAD51, Abcam, 1 : 200 dilution; 4-HNE, Abcam, 1 : 10 dilution; Cleaved Caspase-3, CST, 1 : 300 dilution; γ-H2AX, Upstate Biotechnology, 1 : 200 dilution) were added to the sections and incubated overnight at 4°C. After washing, the sections (Ki67, RAD51 and 4-HNE) were coated with a HRP-conjugated second antibody (Jackson ImmunoResearch, West Grove, PA, USA; 1 : 200 dilution) and then incubated at 37°C for 1 h. DAB was used to visualize immunoreactions. Sections (Cleaved Caspase-3, γ-H2AX) were then washed three times in PBS before incubating in the dark with a Rhodamine-labeled secondary antibody at a dilution of 1 : 300 in 5% bovine serum albumin in PBS for 60 min. The secondary antibody solution was then aspirated and the sections were washed four times in PBS. The sections were incubated in the dark with DAPI (1 mg/ml) in PBS for 5 min and coverslips were mounted with an antifade solution (Molecular Probes, Life Technologies, Carlsbad, CA, USA). Negative controls were performed by omitting the primary antibodies.
Statistical analysis. All data are presented as mean and S.E.s in triplicate. Student's t-test was used for comparisons between two groups of experiments. The synergistic effect of berberine and niraparib was analyzed by ANOVA. Po0.05 was considered statistically significant.
